protein complex, the RISC complex. The strands of the siRNA are then believed to be unpaired, allowing the message-complementary strand to bind to the targeted 
(H.H.) stage 11 (approximately E2, [20] ) together with proximal to the positive electrode and occasionally into neural crest cells that migrate from the neural tube and siRNA against gfp (siGFP). As a control, siRNAs against irrelevant sequences were also tested to document the differentiate into structures such as sensory neurons of the dorsal root ganglion (DRG) [21] . specificity (an assay with siLUC, against firefly luciferase RNA, is shown). Tissue electroporation efficiently introTwo days after electroporation, embryos were analyzed by whole-mount fluorescence microscopy (Figduced the nucleic acids into the half of the neural tube ures 1A-1F). Extensive fluorescence was seen in the due to the addition of RNAi up to a concentration of 3 g/l, and motor neuron differentiation proceeded neural tube of the control siLUC-treated embryos (Figures 1A and 1D ) and in embryos electroporated with the normally, as monitored by antibody staining for Isl1/2. These data indicate that the chick neural tube contains gfp plasmid only (data not shown). Treatment with 1.5 g/l siGFP, in contrast, greatly abrogated the fluoresthe machinery for RNAi and that RNAi can be elicited without toxicity by tissue electroporation of siRNAs. cent signal (Figures 1B and 1E) . Treatment with lower doses of siGFP (0.5 g/l) resulted in weaker inhibition ( Figures 1C and 1F) . Treatment with either RNA strand
Control of RSV Infection by RNAi
We next investigated whether RNAi could inhibit retrovialone did not inhibit the appearance of the fluorescent signal, indicating that the RNAs are not working by an ral replication. As a model virus, we used RCASBP(B), which is a derivative of RSV modified for use as a retroantisense mechanism (data not shown). Embryos were then sectioned through the spinal cord, and GFP expresviral vector by removal of the src oncogene [22] . RCASBP(B) was chosen because it is known to be comsion was assayed by fluorescence microscopy ( Figures  1G-1I, green signal) . The intensity of GFP fluorescence petent for replication in the chick neural tube. Embryos were electroporated with a plasmid encoding the is quantitated in Figure 1J . An intense GFP signal is seen in the electroporated half of the embryo, and the RCASBP(B) genome and either of two siRNAs against RSV Gag (siRSV-gag-1 and siRSV-gag-2) or siLUC-1 as signal is reduced in a concentration-dependent fashion by coelectroporation of siGFP. To visualize the tissue a nonspecific siRNA control. Electroporation was carried out in embryos 2 days after fertilization and was organization and assess the specificity of RNAi, embryos were also stained with an antibody recognizing analyzed at day 4 by sectioning and staining with an antibody against RSV Gag. the endogenous nuclear proteins The HIV-1 cDNA copy number in HOS.T4.CXCR4 cells was assayed after infection with HIV R9. Cells were transfected with the indicated siRNA and were then infected with HIV 2 hr later. A total of 12 hr after that, DNA was harvested and the total HIV-1 cDNA genomes were quantified by fluorescence-monitored PCR as described [24] . The PCR primers that were used required that the second jump of reverse transcription be completed for amplification to take place. and 5B) or by quantifying p24 capsid production ( Figure  5C ). siRNAs against HIV-1 were highly inhibitory in this setting (Ͼ95%), while control siRNAs (siMLV-gag-1 and siMLV-gag-2) did not inhibit virus production. Analysis by Northern blot revealed that siHIV-1 and siHIV-2 specifically reduced accumulation of the viral genomic RNA (Figure 6) .
To assay the effect of siRNA on the early steps of infection, HOS.T4.CXCR4 cells were infected with HIV-1 and the accumulation of reverse transcription products was quantified. Efficient reverse transcription requires an intact RNA template, so possible action of RNAi should result in reduced accumulation of viral cDNA. DNA samples were harvested from cells 12 hr after infection, a time at which reverse transcription products are known to peak in abundance [24] . Viral cDNA copies were quantified by fluorescence-monitored quantitative PCR with primers that require the two template transfers of reverse transcription to be completed for the amplicon to be produced [24] . No significant differences were detected between siRNA-treated and nontreated cells, and this reveals that viral RNA genomes packaged in early replication complexes were not efficient substrates for RNAi (Figure 7) . Thus, RNAi was active against mRNAs transcribed late during infection from proviral DNA but did not attack RNA genomes early after entry.
Inhibition of the late steps of RSV replication by RNAi was also tested (Figure 8A). Chicken DF-1 cells were transfected with siRSV-gag-1, siRSV-gag-2, or nonspecific siRNAs, and then infection was initiated by transfection with a plasmid encoding RCASBP(B)
. Two days later, RSV particles were harvested from cell supernatants and were analyzed by Western blot for accumulation of RSV capsid proteins. siRSV-gag-1 and siRSVgag-2 showed inhibition in both settings. The single strands of siRSV-1 or siRSV-2 were not inhibitory ( Figure  8) . Inhibition of RSV replication by RNAi could also be documented in experiments in which RSV genomes were introduced by infection rather than transfection (data not shown).
To assess the effects of siRSV on the early steps of infection, DF-1 cells were treated with siRSV-gag-2 or siHIV-gag as a control and were infected with , and found that in the developing neural tube that give rise to the spinal each could be specifically inhibited, suggesting that cord, contain the machinery to use siRNAs as a subRNAi will be widely effective at inhibiting viral replication. strate for the targeted degradation of mRNAs. In this As yet, no vertebrate virus has been reported to be study, electroporation with siRNAs did not block develinsensitive to RNAi. This is in contrast to plant viruses opment by causing, for example, a general block to such as potyvirus and cucumber mosaic virus, which translation via the interferon pathway. RNAi was speencode proteins that inhibit RNAi and permit escape of cific, since endogenous genes Isl1/2 were not affected the antiviral effect [11, [15] [16] [17] . We note that the experiby the siRNAs tested and no other nonspecific effects ments reported here employed transfection of short were seen. The methods described in this report offer double-stranded RNAs, so any viral-encoded inhibitors great promise for studies of the neural tube, a powerful of earlier steps in the pathway would not have been model for understanding how the nervous system is detected. It will be of great interest to determine whether assembled [29] . It is now reasonable to expect that gene any such functions are present in eukaryotic viruses. "knockdowns" can be performed in a tissue-specific It is as yet unclear whether any eukaryotic viruses manner through targeted electroporations, that multiple produce double-stranded RNAs that can elicit RNAi durgenes can be targeted simultaneously by combining ing normal infection. Many viruses are inhibited by the multiple siRNAs, and that the timing of the knockdown interferon response, which is activated in part by doucan be controlled by selecting the appropriate stage of ble-stranded RNA and suggests that double-stranded development to introduce the siRNA. Optimal use of this RNA is produced in many viral infections. Doublemethod would require inducing RNAi in a large fraction stranded RNA viruses would appear to be particularly of the cells present. This may potentially be challenging at risk for activating RNAi. Further studies should soon to achieve by electroporating siRNAs alone, but we note clarify the extent to which RNAi normally contributes to that RNAi can be induced by suitably engineered DNA the control of viral infection in vertebrates. hairpins that can be transcribed to yield doublestranded RNA, and these may be delivered incorporated Action of RNAi in the Viral Life Cycle Studies reported here reveal that RNAi inhibited HIV-1 or RSV replication primarily by reducing accumulation 
